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taininated largely by compounds with vapor pressures exceeding 1.0
mm Hg and with Henry's Law constants exceeding 10"5 atm/m3/mole,
air sparging can be used to provide oxygen and physically transfer
contaminants to the unsaturated zone for capture with a vapor ex-
traction system.

For biodegradable contaminants with minimal volatility, bio-
remediation may be a stand-alone technology. Polyaromatic hydro-
carbons (PAHs), heavy fuels, and plasticizers, for example, respond
primarily to bioremediation alone. The oxygen, however, may be
provided by air sparging and/or vapor extraction techniques. In
fractured bedrock, highly stratified aquifers, or where the saturated
interval is no more than about 1 m, oxygen is more aptly provided
through recirculated ground water using hydrogen peroxide.

Resistant Organics

Recent years have seen continued progress with microbial degra-
dation of chlorinated solvents, pesticides, PCBs, and nitroarornatic
compounds. In general, however, the current state of technology
does not permit these classes of compounds to be treated on a com-
mercial scale. Similarly, there is little evidence that nonindigenous
microorganisms have been used successfully on a commercial scale
for in situ bioremediation.

With highly degradable substances, intrinsic bioremediation can
be used as the final treatment when the contaminant load has been
reduced to the point that the ambient nutrient levels and oxygen
diffusion are sufficient to support biodegradation. With this unas-
sisted bioremediation, treatment costs can be very low.

FUTURE OF THE TECHNOLOGY

The engineering aspects of bioremediation have produced the greatest
successes in commercial use of the methods. This is due primarily to
a substantial body of information that existed on microbial use of
petroleum hydrocarbons as sources of carbon and energy for growth.
Raymond's pioneering efforts in the commercialization of bioremediation
for petroleum hydrocarbons were based on 45 years of research in
biodegradation. In considering the future of bioremediation it is wise
to maintain perspective on the historical elements of microbiology
and biotechnology that support the engineering breakthroughs. One
must also acknowledge the current technical limitations of in situ
bioremediation, which fall into three major and highly interactive
areas: physical/chemical, microbiological, and site assessment.